Introduction {#Sec1}
============

The number of haploidentical hematopoietic stem cell transplantations (haplo-HSCTs) has increased sharply in the past decade. These procedures have benefited from three new methodologies originated from Italy, China, and the USA, and developed further worldwide \[[@CR1]\]. Most haplo-HSCT cases in China followed the "GIAC protocol" or modifications of this protocol. The "GIAC protocol" comprises: granulocyte-colony-stimulating factor (G-CSF)-mobilized grafts (G), intensified immunosuppression with cyclosporine using the whole process of conditioning chemotherapy (I), anti-thymocyte globulin (ATG) for in vivo T cell depletion (A), and combined use of bone marrow with peripheral blood stem cells as the source of grafts (C) \[[@CR2]\].

ATG plays a pivotal role in haplo-HSCT, especially in the "GIAC protocol" for preventing graft-versus-host disease (GVHD) and increasing engraftment \[[@CR3]\]. Nevertheless, its use is associated with an elevated incidence of infections, particularly viral infections, when high doses of ATG are administered. The effect of high doses of ATG on relapse after HSCT is under dispute. Whereas some retrospective studies suggest that ATG increases relapses, randomized studies have not produced such results. Balancing the risk-benefit ratio is the focus of the current study, as several issues remain unresolved regarding the use of ATG in HSCT; in particular, the optimal dosage of ATG has not been precisely identified.

To date, two brands of rabbit ATG, the thymoglobulin (ATG-T, Sanofi, Paris, France) and the anti-human T lymphocyte immunoglobulin (ATG-F, Neovil Biotech, Waltham, MA, USA) have been globally used in haplo-HSCT. Different doses are required in HSCT between the two currently available brands due to the differences regarding the source of the immunizing antigen and the methods used for the development of the antibodies. Additionally, the doses also depend on the donor type (human leukocyte antigen \[HLA\]-identical sibling, unrelated, haplo-identical donors, etc.) and conditioning regimens (myeloablative, reduced-intensity, low-intensity immunosuppressive conditioning) \[[@CR4]\]. For HLA-matched-sibling transplants, a recent randomized study supported the use of ATG-F at a dose of 30 mg/kg \[[@CR5]\], whereas both randomized and retrospective studies indicated the use of ATG-T at a dose of approximately 5 mg/kg \[[@CR6], [@CR7]\]. For matched-unrelated donor transplants, ATG-F and ATG-T doses are indicated at 60 mg/kg and 4.5--7.5 mg/kg, respectively \[[@CR4], [@CR8]--[@CR10]\]. Based on consensus opinion, the European Blood and Marrow Transplant Group recommends 30 mg/kg of ATG-F or 7.5 mg/kg of ATG-T, divided into three doses administered on days 3, 2, and 1 (for 8/8 HLA allele-matched, unrelated donor transplantation) \[[@CR4]\]. However, the comparable dosage for these two ATGs for haplo-HSCT remains unidentified.

In this study, we compared and evaluated the effect of the dosages of ATG-T (7.5 mg/kg) or ATG-F (20 mg/kg) in a relatively homogenous population in a haplotype HSCT setting. All patients presented with malignant hematological diseases, had received similar myeloblastic conditioning regimens (MAC), were treated with the same GVHD prophylactic strategy, and had used the same source of grafts. We compared the incidence and severity of GVHD and of Epstein--Barr virus (EBV) infections, and the immune cell recovery between these two ATG-treated groups.

Patients and methods {#Sec2}
====================

Study design {#Sec3}
------------

This was a retrospective study. One hundred and sixteen patients with hematological malignances, including acute myeloid leukemia, acute lymphoblastic leukemia, and myelodysplastic syndrome, who underwent haplo-HSCT using ATG-T or ATG-F as GVHD prophylaxis and Bu/Cy or Bu/Flu as MAC at Shanghai Dao-pei Hospital between November 2007 and June 2015 were enrolled in this study. The cut-off follow-up date was March 2017. Three patients who received haplo-HSCT in 2007 were also enrolled in this study. From 2008, ATG-T 7.5 mg/kg and ATG-F 20 mg/kg were used as standard doses in conditioning regimens in the haplo-HSCT protocol for the patients with hematological malignances. The choice of the type of ATG was at the discretion of the treating physicians.

The study was approved by the Institutional Ethics Committee of Shanghai Dao-pei Hospital. All patients underwent single haplo-HSCT. Written informed consent was provided by the patients or their guardians.

Analysis of HLA-typing {#Sec4}
----------------------

All patients and their donors underwent HLA-A, HLA-B, HLA-Cw, and HLA-DRB1 typing by high-resolution DNA techniques, according to the manufacturer's instructions (Special Monoclonal Tray-Asian HLA Class I and Micro SSP HLA Class I and II ABDR DNA Typing Tray; One Lambda, Canoga Park, CA, USA). The haplo-type was confirmed for each patient and donor.

Conditioning regimens {#Sec5}
---------------------

Conditioning regimens included two protocols. The Bu/Cy protocol composed of intravenous (i.v.) cytarabine (2.0 g/m^2^/day, from days −9 to --8), busulfan (3.2 mg/kg/day, from days −7 to −5), cyclophosphamide (1.8 g/ m^2^/day, from days −4 to −3), methylsmostatin (250 mg/m^2^/day, from days −3), and ATG (ATG-T 2.5 mg/kg/day, from days −4 to −2 or ATG-F 5 mg/kg/day, from days −5 to −2). The Bu/Flu protocol consisted of the same dosages of cytarabine (from days −14 to −13), busulfan (from days −7 to −5), methylsmostatin (day, day −3), and ATG (ATG-T from days −4 to −2 or ATG-F from days −5 to −2); cyclophosphamide was replaced with fludarabine (30 mg/m^2^/day, from days −12 to −8).

GVHD prophylaxis {#Sec6}
----------------

For GVHD prophylaxis, every patient was administered cyclosporine A (CSA, 5 mg/kg/day, i.v., at inception of the conditioning regimen), a short cycle of methotrexate (15 mg/m^2^/day, i.v., day +1, and 10 mg/m^2^/day on days +3 and +5), and oral mycophenolate mofetil (MMF, 15 mg/kg/day from days +1 to +14). Oral CSA was initiated when the neutrophil count reached to 1.0 × 10^9^/L. CSA blood trough concentration was initially monitored twice a week, and then weekly until +180 days, to maintain levels between 150 and 200 ng/ml.

Supportive care in the transplantation process {#Sec7}
----------------------------------------------

The standard supportive care during the process of transplantation included:Routine prophylaxis strategy: use of irradiated and leukocyte-depleted blood products; routinely administered caspofungin during the conditioning process; voriconazole post-transplantation for antifungal prophylaxis until neutrophil engraftment; trimethoprim-sulfamethoxazole for *Pneumocystis* prophylaxis until 6 months post-transplantation; and acyclovir, typically at a dose of 400 mg orally, twice daily, from the date of neutrophil engraftment to 24 months post-transplantation.Management of cytomegalovirus (CMV) and EBV reactivations: monitoring of CMV and EBV-DNA copies by quantitative polymerase chain reaction (PCR) in peripheral blood samples every week during the first 30 days post-haplo-HSCT and then every other week until 3 months post-transplantation, or until CMV/EBV-DNA copies were undetectable in the peripheral blood. CMV and EBV-DNA copies were also tested by PCR in biopsy specimens when available. PCR was performed according to our previously published study \[[@CR11]\]. CMV reactivation was confirmed when PCR indicated ≥ 1000 copies/ml whole blood; then, ganciclovir (500 mg/m^2^/day, i.v.) was administered until CMV was again undetectable by PCR. The detection threshold of EBV reactivation by PCR was 500 copies/ml whole blood. In cases where the EBV infection was confirmed, a high dose of acyclovir (500 mg/m^2^/day) was administered. Moreover, the immunosuppressants, particularly CSA and MMF, were withdrawn instantly if GVHD did not concurrently occur.

Mobilization, collection, and infusion of grafts {#Sec8}
------------------------------------------------

G-CSF at a dose of 300 μg was administered to the donors at day −5, −4, −3, −2, and −1. Bone marrow stem cells were collected on day 1 and peripheral stem cells on day 2. Infused mixed grafts consisting of bone marrow and peripheral stem cells collected on the same day were used in all patients in both groups.

Monitoring engraftment and chimerism {#Sec9}
------------------------------------

Neutrophil engraftment was defined at the first of 3 consecutive days with an absolute neutrophil count ≥ 0.5 × 10^9^/L, while platelet engraftment was defined at the first of 7 consecutive days with a platelet count ≥ 20 × 10^9^/L, without transfusion.

Bone marrow chimerism was monitored every month for 6 months after haplo-HSCT. Chimerism was determined by either DNA fingerprinting of short tandem repeats (STRs) or chromosomal fluorescent in situ hybridization (FISH). Chimerism was analyzed by DNA fingerprinting of STR on recipient bone marrow cells in sex-matched donor-recipient pairs; however, in sex-mismatched donor-recipient pairs, chimerism was analyzed by FISH.

Monitoring immunological recovery post-HSCT {#Sec10}
-------------------------------------------

From 22 patients in the ATG-T group and 17 patients in ATG-F group, peripheral blood was collected at +30 and +60 days after haplo-HSCT to analyze the percentage of pan-T lymphocytes (CD3+) and its subsets (helper T cell, CD3+CD4+; effector T cells, CD3+CD8+). We evaluated the performance of CD3+, CD3+CD4+, and CD3+CD8+ T lymphocytes by three-color flow cytometry. All experiments were performed in triplicate.

Monoclonal antibodies, including anti-CD3 (peridinin chlorophyll protein-\[PerCP\]), anti-CD8 (fluorescein isothiocyanate-\[FITC\]), and anti-CD4 (allophycocyanin-\[APC\]), were purchased from BD Biosciences (Franklin Lakes, NJ, USA). Briefly, forward and side scatters were used to gate viable populations of cells; then, CD3+, CD3+CD4+, and CD3+CD8+ cells were gained as target cells for fluorescence-activated cell sorting analysis. The percentages of CD3+, CD3+CD4+, and CD3+CD8+ T lymphocytes were calculated as follows: percentage of T lymphocyte subgroup = (percentage of CD3+/CD3+CD4+/CD3+CD8+ T cells in patients---percentage CD3+/CD3+CD4+/CD3+CD8+ T cells in negative controls) × 100%. The absolute counts of CD3+/CD3+CD4+/CD3+CD4+ T cells (× 106/L) = percentage of T lymphocytes subgroup × white blood cell (× 109/L), counted by blood routine test, × 1000.

Definition of GVHD and EBV infections {#Sec11}
-------------------------------------

Acute GVHD (aGVHD) was graded according to previously published criteria \[[@CR12]\], while chronic GVHD (cGVHD) was graded as limited or extensive \[[@CR12]\]. Methylprednisolone was used as the first-line therapy for both aGVHD and extensive cGVHD. Second-line therapy was at the discretion of the treating physicians.

EBV infections included EBV-DNAemia and EBV-related diseases. EBV-DNAemia was defined as EBV-DNA \> 500 copies/mL at two consecutive time-points without any signs or symptoms of EBV-related diseases. EBV-related diseases included probable and proven post-transplantation lymphoproliferative disorders (PTLDs). Probable PTLDs were defined as significant lymphadenopathy, hepatosplenomegaly, or other end-organ manifestations, confirmed by a high EBV-DNA blood load in the absence of tissue biopsy or other documented causes. Proven PTLDs were diagnosed by EBV nucleic acid detection or EBV-encoded protein detection in tissue specimens, and symptoms and/or sign manifestations from the affected organs \[[@CR13]\].

Statistical analysis {#Sec12}
--------------------

Continuous variables with non-normal distributions are expressed as the median and range. Differences in clinical characteristics in Table [1](#Tab1){ref-type="table"} and clinical outcomes in Tables [2](#Tab2){ref-type="table"}, [3](#Tab3){ref-type="table"}, [4](#Tab4){ref-type="table"}, and [5](#Tab5){ref-type="table"} (except the cumulative incidence of aGVHD, cGVHD, EBV-DNAemia, and EBV-related diseases) between the ATG-T and ATG-F groups were compared using the Mann-Whitney U rank test for continuous data, the chi-square test for categorical data, and the Fisher's exact test for binomial data. Overall survival (OS) was defined as the time interval from the time of transplantation until the time of death. The cumulative incidence of aGVHD was evaluated within the first 100 days post-transplantation. Relapse was defined as the presence of \> 5% marrow blasts and/or reappearance of underlying diseases. Transplant-related mortality (TRM) was defined as mortality for transplant-related complications, including GVHD and infections. Mortality from disease relapse was defined as relapse mortality. The cumulative incidence of aGVHD and cGVHD was estimated by considering the corresponding type of GVHD as an event of interest, and death without GVHD as a competing event. The cumulative incidence of EBV infection and subsets was estimated as an event of interest, and death without EBV infection as a competing event. The cumulative incidence of relapse mortality was estimated as an event of interest and death with TRM as a competing event. The cumulative incidence method was applied to compute the incidence of GVHD, EBV infection and its subsets, and relapse mortality. OS was analyzed using the Kaplan-Meier method, with the log-rank test used for univariate comparison. Risk factors with values of *p* \< 0.05 in univariate analyses were entered into a Cox proportional hazards model to determine their effects on OS. Statistical analysis was performed using SPSS 21.0 software (SPSS, Inc., Chicago, IL, USA) and R software (R version 4.03; The R foundation for Statistical Computing, [www.R-project.org](http://www.r-project.org)). Graphs were made in GraphPad prism 5.0 (GraphPad Software, La Jolla, CA, USA).Table 1Clinical characteristics of the patients in the two groupsPatient CharacteristicsATG-T\
(*n* = 81)ATG-F\
(*n* = 35)*p* valueMedian age, years (range)20 (4--58)17 (2--49)0.298Sex, *n* (%)\> 0.999Male49 (60.5)21 (60.0)Female32 (39.5)14 (40.0)Sex of Donors; *n* (%)0.066Male39 (48.1)10 (28.6)Female42 (51.9)25 (71.4)Diagnosis, *n* (%)0.415AML32 (39.5)11 (31.4)ALL38 (46.9)21 (60)MDS11 (13.6)3 (8.6)Disease status before HSCT, *n* (%)0.295CR55 (67.9)20 (57.1)Relapse/refractory26 (32.1)15 (42.9)Conditioning regimens, *n* (%)0.227Bu/Cy38 (46.9)12 (34.3)Bu/Flu43 (53.1)23 (65.7)Blood types, *n* (%)0.596ABO comparability48 (59.3)25 (71.4)Major ABO incomparability11 (13.6)3 (8.6)Minor ABO incomparability18 (22.2)5 (14.3)Major--minor incomparability4 (4.9)2 (5.7)CMV status, *n* (%)\> 0.999D^+^R^+^\*79 (97.5)34 (97.1)D^+^R^--\#^2 (2.5)1 (2.9)EBV status, *n* (%)0.180D^+^R^+\*^75 (92.6)29 (82.9)D^+^R^--\#^6 (7.4)6 (17.1)Use of third-party cells, *n* (%)0.047Yes68 (84.0)23 (65.7)No13 (16.0)12 (34.3)*ATG-T*, anti-thymocyte globulin-Thymoglobulin; *ATG-F*, anti-thymocyte globulin-Fresenius; *AML*, acute myeloid leukemia; *ALL*, acute lymphoblastic leukemia; *MDS*, myelodysplastic syndrome; *CR*, complete response; *EBV*, Epstein-Barr virus; *CMV*, cytomegalovirus; *Bu*/*Flu*, busulfan-fludarabine; *Bu*/*Cy*, busulfan-cyclophosphamide\*D^+^R^+^, the serum IgG and IgM antibodies for CMV/EBV were positive in donor's and recipient's blood before HSCT^\#^D^+^R^+^, the serum IgG and IgM antibodies for CMV/EBV were positive in donor's blood and negative in recipient's blood before HSCTTable 2Pattern of graft versus host diseaseCharacteristicsATG-T\
(*n* = 81)ATG-F\
(*n* = 35)*p* valueTime of aGVHD occurrence, median range (days)22 (7--88)14 (4--84)0.291Total aGVHD\> 0.999Yes, *n* (%)60 (74.1)26 (74.3)No, *n* (%)21 (25.9)9 (25.7)Grades of aGVHD0.746Grade I--II, *n* (%)50 (83.3)23 (88.5)Grade III--IV, *n* (%)10 (16.7)3 (11.5)Total cGVHD0.684Yes, *n* (%)34 (42.0)13 (37.1)No, *n* (%)47 (58.0)22 (62.9)Grades of cGVHD\> 0.999Limited cGVHD, *n* (%)24 (70.6)10 (76.9)Extensive cGVHD, *n* (%)10 (29.4)3 (23.1)Cumulative incidences of aGVHDAny grade % (95% CI)74.1% (62.9--82.4%)74.3% (55.6--86.0%)0.930Grade I-II aGVHD, % (95% CI)61.8% (50.2--71.5%)65.7% (47.0--79.2%)0.459Grade III-IV aGVHD, % (95% CI)12.4% (6.3--20.6%)8.6% (2.2--20.8%)0.513Cumulative incidences of cGVHDAny grade, % (95% CI)66.0% (43.9--81.1%)56.0% (26.5--77.6%)0.002Limited, % (95% CI)61.4% (30.0--82.2%)53.5% (20.8--78.0%)0.007Extensive, % (95% CI)26.7% (12.8--42.8%)11.6% (2.8--27.4%)0.091*aGVHD*, acute graft versus host disease; *cGVHD*, chronic graft versus host disease; *CI*, confidence interval; *ATG-T*, anti-thymocyte globulin-Thymoglobulin; *ATG-F*, anti-thymocyte globulin-FreseniusTable 3Pattern of Epstein--Barr virus infectionsCharacteristicsATG-T\
(*n* = 81)ATG-F\
(*n* = 35)*p* valueEBV infectionsIncidence of EBV infections0.105Yes, *n* (%)45 (55.6)13 (37.1)No, *n* (%)36 (44.4)22 (62.9)Type of EBV infections0.247EBV--DNAemia, num (%)22 (48.9)4 (30.8)EBV-related diseases, num (%)23 (51.1)9 (69.2)Time of EBV--DNAemia occurrence, median range (days)37 (13--102)44 (24--68)0.312Time of EBV-related disease occurrence, median range (days)23 (9--85)35 (16--90)0.458Peak value of blood EBV--DNA copies, median range (×10^3^ copies/ml)7.6 (0.66--5200)1.25 (0.51--140)0.341Time of peak value of blood EBV-DNA copies, median range (days)47 (13--130)42.5 (38--96)0.421Concomitance of CMV-DNAemia,0.155Yes, *n* (%)23 (28.4)5 (14.3)No, *n* (%)58 (71.6)30 (85.7)Cumulative incidences of EBV infectionsEBV infections, % (95% CI)55.6% (44.0--65.7%)37.8% (21.6--53.8%)0.051EBV--DNAemia, % (95% CI)27.3% (18.0--37.4%)11.4% (3.5--24.5%)0.060EBV-related disease, % (95% CI)28.4% (19.0--38.5%)25.8% (12.6--41.0%)0.717*EBV*, Epstein-Barr virus; *CI*, confidence interval; *ATG-T*, anti-thymocyte globulin-Thymoglobulin; *ATG-F*, anti-thymocyte globulin-FreseniusTable 4Pattern of immune cell recoveryCharacteristicsATG-T\
(*n* = 17)ATG-F\
(*n* = 10)*p* valueImmunological recoveryBlood total CD3^+^ T lymphocytes at +30 days post-HSCT, median (range) (×10^6^/L)115.6(0--1017.4)59.6(0--760.7)0.046Blood CD3^+^CD4^+^ helper T lymphocytes at +30 days post-HSCT, median (range) (×10^6^/L)31.9(1.6--1245.7)36.6(0--695.9)0.863Blood CD3^+^CD8^+^ effector T lymphocytes at +30 days post-HSCT, median (range) (×10^6^/L)97.0(0--873.1)45.0(0--582.1)0.083Blood total CD3^+^ T lymphocytes at +60 days post-HSCT, median (range) (×10^6^/L)713.9(0--3056.1)131.9(54.2--2634.7)0.270Blood CD3^+^CD4^+^ helper T lymphocytes at +60 days post-HSCT, median (range) (×10^6^/L)129.84(0--862.4)38.2(14.2--409.8)0.601Blood CD3^+^CD8^+^ effector T lymphocytes at +30 days post-HSCT, median (range) (×10^6^/L)607.41(0--2297.3)84.2(29.5--2465.3)0.315*HSCT*, hematopoietic stem cell transplantation; *ATG-T*, anti-thymocyte globulin-Thymoglobulin; *ATG-F*, anti-thymocyte globulin-FreseniusTable 5Clinical outcomes in the two groupsCharacteristicsATG-T\
(*n* = 81)ATG-F\
(*n* = 35)*p* valueEngraftmentNeutrophil, median (range), days13 (9--25)13 (8--41)0.319Platelet, median (range) days13 (9--31)13 (10--48)0.397Immunosuppression-free after HSCT0.157Yes, *n* (%)41 (50.6%)23 (65.7%)No, *n* (%)40 (49.4%)12 (34.3%)Time of immunosuppression tapering, median (range), days29 (10--106)25 (98--73)0.218Outcomes0.836Alive, *n* (%)51 (63)21 (60.0)Dead, *n* (%)30 (37)14 (40.0)Cause of death0.501Relapse, *n* (%)9 (30.0)6 (42.9)TRM, *n* (%)21 (70.0)8 (57.1)*ATG-T*, anti-thymocyte globulin-Thymoglobulin; *ATG-F*, anti-thymocyte globulin-Fresenius; *HSCT*, hematopoietic stem cell transplantation; *TRM*, transplant-related mortality

Results {#Sec13}
=======

Patients characteristics {#Sec14}
------------------------

One hundred and sixteen consecutive patients were enrolled in this study and were classified into two groups according to the ATG brands used in conditioning regimens. Eighty-one patients (69.83%) received ATG-T 7.5 mg/kg in total, while 35 patients (30.17%) received ATG-F 20 mg/kg in total.

The clinical characteristics of these two groups are summarized in Table [1](#Tab1){ref-type="table"}. There were no significant differences in age (*p* = 0.298), sex of recipients and donors (*p* \> 0.99, *p* = 0.066, respectively), distribution of disease diagnoses (*p* = 0.415), disease status (*p* = 0.295), ABO blood-type comparability between recipients and donors (*p* = 0.596), CMV and EBV status in recipient/donor pairs before transplantation (*p* \> 0.99, *p* = 0.180, respectively), or conditioning regimen (*p* = 0.227) between the two groups. The percentages of cord blood usage as a third-party cell to improve engraftment before stem cell-infusion differed between the ATG-T and ATG-F (*p* = 0.047) groups, with a higher proportion of patients using cord blood in the ATG-T group (84.0% vs. 65.7%) (Table [1](#Tab1){ref-type="table"}).

Engraftment and chimerism {#Sec15}
-------------------------

All patients received completed neutrophil and platelet engraftments. The time to neutrophil and platelet engraftment was comparable between the ATG-T and ATG-F groups (*p* = 0.319, *p* = 0.397, respectively). The chimerism on days +30, +90, and +180 was tested on time. All patients in the two groups reached a 100% donor-type chimerism at +30 days post-HSCT.

GVHD {#Sec16}
----

Sixty patients in the ATG-T group and 26 patients in the ATG-F group belonged to any grade of aGVHD, without statistically significant difference (*p* \> 0.99). The patients in the ATG-T group who developed grade I-II and III-IV aGVHD were 50 and 10, respectively; and accordingly, the respective patients in the ATG-F group were 23 and 3. The proportion of subgroups (grades I-II and grades III-IV) aGVHD did not differ significantly between the two groups (*p* = 0.746) (Table [2](#Tab2){ref-type="table"}).

The cumulative incidence of any grade of aGVHD was comparable between the ATG-T and ATG-F groups (*p* = 0.930) (Table [2](#Tab2){ref-type="table"}). The difference in cumulative incidence in grades I-II and III-IV aGVHD between the ATG-T and ATG-F groups also did not reach statistical significance (*p* = 0.459, *p* = 0.513, respectively). However, the data showed that most patients had a relatively mild aGVHD within 100 days after HSCT (Table [2](#Tab2){ref-type="table"}).

Any grade of cGVHD occurred in 34 patients in the ATG-T group and in 13 patients in the ATG-F group, without significant difference between the groups (*p* = 0.684). Twenty-four patients developed limited cGVHD, while 10 patients developed extensive cGVHD in the ATG-T group; in the ATG-F group, 10 patients developed limited cGVHD, and three patients developed extensive cGVHD. The proportions of limited and extensive cGVHD in the ATG-T and ATG-F groups were also not statistically significantly different (*p* \> 0.999) (Table [2](#Tab2){ref-type="table"}).

The cumulative incidence of any grade and limited cGVHD after HSCT was higher in the ATG-T group than in the ATG-F group with significant difference (*p* = 0.002, *p* = 0.007, respectively) (Table [2](#Tab2){ref-type="table"}). The cumulative incidence of extensive cGVHD after HSCT was similar between the two groups (*p* = 0.717). From the cumulative incidence of cGVHD and its subsets, we identified that most patients had limited cGVHD and that the skin was the injured tissue (Table [2](#Tab2){ref-type="table"}).

The median time of occurrence of aGVHD was 29 days (95% CI 24.590--33.410) in the ATG-T group and 41 days (95% CI 14.341--67.659) in the ATG-F group. The median time of occurrence of grade I-II aGVHD was 40 days (95% CI 18.442--61.558) in the ATG-T group and 41 days (95% CI 14.341--67.659) in the ATG-F group (data not shown).

EBV infections {#Sec17}
--------------

Overall, 45 patients (55.6%) in the ATG-T group and 13 patients (37.1%) in the ATG-F group had EBV infections, which included EBV-DNAemia (22 patients in the ATG-T group vs. 4 patients in the ATG-F group) and EBV-related diseases (23 patients in the ATG-T group vs. 9 patients in the ATG-F group). Both the incidence of EBV infections and the proportion in its subgroups were comparable between the two groups (*p* = 0.105, *p* = 0.247, respectively) (Table [3](#Tab3){ref-type="table"}).

All 32 cases with EBV-related diseases were probable PTLDs confirmed by positron emission tomography-computed tomography (PET-CT) imaging or tissue biopsy combined with EBV-qPCR. The majority of these patients developed fever, tonsillitis, adenopathy, and high blood EBV-DNA loads; however, EBV-DNA was not detected in the blood of two patients, but it was detected in the intestinal biopsy specimens obtained by colonoscopy in one patient and in the cerebrospinal fluid collected from the lumbar in the other.

There were no statistically significant differences in the cumulative incidence of EBV infections, EBV-DNAemia, or EBV-related diseases between the two groups (Table [3](#Tab3){ref-type="table"}). However, the cumulative incidence of EBV infection and EBV-DNAemia tended to be higher in the ATG-T group (Table [3](#Tab3){ref-type="table"}).

The median time of occurrence of EBV-DNAemia and of EBV-related diseases in the ATG-T and ATG-F groups did not differ significantly (*p* = 0.312, *p* = 0.458, respectively) (Table [3](#Tab3){ref-type="table"}). The median peak value of the EBV-DNA copies in the blood and the median time to peak value did not differ significantly between the two groups (*p* = 0.341, *p* = 0.421, respectively).

Twenty-three patients (28.4%) in the ATG-T group and 5 patients (14.3%) in the ATG-F group had concomitant CMV and EBV infections. The incidences were not statistically and significantly different between the two groups (*p* = 0.155) (Table [3](#Tab3){ref-type="table"}).

Immunological recovery {#Sec18}
----------------------

Twenty-seven patients (17 patients in the ATG-T group and 10 patients in the ATG-F group) were evaluable for immunological recovery analysis by assessing CD3^+^, CD3^+^CD4^+^, and CD3^+^CD8^+^ lymphocytes. The distribution of EBV infections was as follows: 5/17 patients with EBV-DNAemia, 6/17 patients with EBV-related diseases in the ATG-T group, and 3/10 patients with EBV-related diseases in the ATG-F group. Patients in the ATG-T and ATG-F groups did not differ in immunity recovery at +60 days after HSCT in CD3^+^ T lymphocytes and its subsets CD3^+^CD4^+^ helper T cells and CD3^+^CD8^+^ effector T cells (*p* = 0.270; *p* = 0.601; *p* = 0.315, respectively). However, the patients in the ATG-T group had higher absolute counts of total CD3^+^ T cells and CD3^+^CD8^+^ effector T cells at +30 days post-HSCT (*p* = 0.046, *p* = 0.083, respectively) (Fig. [1](#Fig1){ref-type="fig"}). The CD3^+^CD4^+^ helper T cell subset at +30 days after HSCT was comparable in the two groups (*p* = 0.863) (Table [4](#Tab4){ref-type="table"}).Fig. 1The counts of T lymphocytes and their subsets at +30 days after haploidentical stem cell transplantation (haplo-HSCT) in the ATG-T and ATG-F groups; the unit of cell count was ×10^6^/L. HCST, haploidentical hematopoietic stem cell transplantations; *ATG-T*, anti-thymocyte globulin-Thymoglobulin; *ATG-F*, anti-thymocyte globulin-Fresenius

Survival and relapse mortality {#Sec19}
------------------------------

At a median follow up of 64.7 months (range, 2.03--113.8 months), 44 of 116 patients died, with main cause of death TRM (Table [4](#Tab4){ref-type="table"}). Nine patients died of relapse and 21 patients died of TRM in the ATG-T group and 6 patients died of relapse and 8 patients died of TRM in the ATG-F group. The difference in ratio between causes of mortality in the two groups was not statistically significant (*p* = 0.501). The cumulative incidence of relapse mortality in the ATG-T and ATG-F groups did not differ significantly (9.88% \[95% CI, 4.58--17.58%\] versus 17.93% \[95% CI, 7.12--32.7%\], *p* = 0.196). OS was also similar in the two groups (*p* = 0.421) (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Overall survival in the ATG-T group and ATG-F group. *ATG-T*, anti-thymocyte globulin-Thymoglobulin; *ATG-F*, anti-thymocyte globulin-Fresenius

The disease status before HSCT, interval between disease initiation and HSCT initiation, and EBV infection status were associated with OS in the univariate analysis; the multivariate analysis confirmed the significance of disease status before HSCT (*p* \< 0.001), interval between disease initiation and HSCT initiation (*p* = 0.016), and EBV-related disease (*p* \< 0.001) (Table [6](#Tab6){ref-type="table"}).Table 6Univariate and multivariate analyses of risk factors for OSUnivariate analysesMultivariate analysesVariablesNo of patients*p* valueVariables*p* valueHR (95% CI)Recipient's sex0.556Male70Female46Age (years)0.862≤ 1858\> 1858Underlying disease0.659AML43ALL59MDS14Disease status before HSCT0.002Disease status before HSCT (CR versus relapse/refractory)\< 0.0014.211 (2.092--8.478)CR75Relapse/refractory41Interval between disease initiation and HSCT initiation (years)0.015Interval between disease initiation and HSCT initiation (≤ 1 year versus \> 1 year)0.0160.414 (0.201--0.850)≤ 1 year72\> 1 year44ABO blood type0.125Compatibility73Incompatibility43EBV status in donor/recipient0.609D^+^R^+^104D^+^R^−^12Donor's sex0.753Male49Female67Conditioning regimens0.951Bu/Cy50Bu/Flu66Types of ATG for GVHD prophylaxis0.548ATG-T81ATG-F35Third-party cells0.668Yes91No25aGVHD status0.285No30Grade I-II73Grade III-IV13cGVHD status0.847No69Limited cGVHD34Extensive cGVHD13EBV infection status0.002EBV infection status (no versus yes)0.3530.646 (0.257--1.625)No58EBV infection status (no versus EBV-related disease)\< 0.0014.472 (2.240--8.928)EBV-DNAemia26EBV-related disease32Concurrent cystitis0.514Yes57No39Concurrent CMV-DNAemia0.777Yes28No88Concurrent B19-DNAemia0.084Yes11No105Immunosuppression-free status0.063Yes64No52*AML*, acute myeloid leukemia; *ALL*, acute lymphoblastic leukemia; *MDS*, myelodysplastic syndrome; *HSCT*, haploidentical hematopoietic stem cell transplantation; *CR*, complete response; *EBV*, Epstein--Barr virus; *Bu*, busulfan; *Cy*, cyclophosphamide; *Flu*, fludarabine; *ATG*, anti-thymocyte globulin; *GVHD*, graft versus host disease; *ATG-T*, anti-thymocyte globulin-Thymoglobulin; *ATG-F*, anti-thymocyte globulin-Fresenius; *aGVHD*, acute graft versus host disease; *cGVHD*, chronic graft versus host disease; *CMV*, cytomegalovirus; *B19*, parvovirus B19; *CI*, confidence interval; *HR*, hazard ratio

Discussion {#Sec20}
==========

The two brands of rabbit ATG currently used for the prevention of GVHD after HSCT present different pharmacokinetic and pharmacodynamic characteristics because of the differences in their manufacture processes. ATG-T is a polyclonal immunoglobulin G (IgG) obtained from the hyperimmune sera of rabbits immunized with fresh human thymocytes; the rabbit IgGs are attached to the human erythrocytes as adsorbed antibodies and bind to their surface antigens \[[@CR14]\]. ATG-Fs derived from rabbits after immunization with homogenous Jur-kat T lymphoblastoid cells and are adsorbed antibodies against human erythrocytes and human placental cells \[[@CR15]\]. Therefore, the spectrum of antigens recognized by ATG-F is narrower than that recognized by ATG-T; thus, the doses of ATG-F required for GVHD prophylaxis must be higher than those of ATG-T \[[@CR14]--[@CR16]\]. Nevertheless, which ATG type is more suitable during haplo-HSCT or which are the comparable dosages between ATG types is not identified yet and is subject to physician discretion.

In this retrospective study, we analyzed the outcomes achieved using ATG-T 7.5 mg/kg or ATG-F 20 kg/mg in haplo-HSCT in patients with hematological malignancies who were relatively homogenous regarding the graft sources, conditioning regimens, GVHD prophylaxis, and support care strategies. In our study of 116 patients, we did not find any significant differences between the two groups regarding engraftment, chimerism rates, cumulative incidence of relapse mortality, and OS.

Our results were in line with those of Paiano et al. \[[@CR17]\]. They reviewed 30 patients who received allogeneic HSCT for hematologic malignancies with Bu/Flu as the conditioning regimen. Patients alternatively received total ATG-T 7.5 mg/kg or total ATG-F 25 mg/kg. They found no significant differences in terms of 3-year OS (45.7% vs. 46.7%) or relapse incidence (40% vs. 33.3%) between the two groups.

The incidence of GVHD is the most interesting aspect of our comparative study. The probable cumulative incidences of any grade of aGVHD and cGVHD in our study were higher than those reported by Paiano et al. \[[@CR17]\]. We inferred that the differences in HLA consistency in donor/recipient pairs and the free time from immunosuppressants after HSCT were the major reasons for this discrepancy between the two studies. Two-thirds of the enrolled population received HLA-identical or not HLA-matched HSCT; 100% of patients continued immunosuppressive post-transplant therapy, which was associated with a lower cumulative incidence of any grade of aGVHD and cGVHD in Paiano et al.'s study. In our study, all patients underwent haplo-HSCT, and more than half of the patients discontinued all immunosuppressants within 30 days after haplo-HSCT for prophylaxis from relapses or viral infections. Moreover, the cumulative incidence of any grade of cGVHD was higher in the ATG-T group than in the ATG-F group due to the increase of the cumulative incidence of the limited cGVHD. We thought that the duration of immunosuppression achieved by 20 mg/kg of ATG-F is longer than that achieved by 7.5 mg/kg of ATG-T. Fortunately, the limited and controlled cGVHD may improve the graft-versus-leukemia effect and reduce relapse.

Another point of interest in our study was the viral infections, particularly the EBV infection. ATG treatment is considered a risk factor for PTLD development \[[@CR18], [@CR19]\]. Before 2000, the mortality rate (84.6%) after HSCT was attributed to PTLDs, the most serious consequence of EBV infections; even in the rituximab era, the mortality due to EBV infection was higher than 72% (95% CI 54--96%) in patients with three risk factors for EBV-PTLD \[[@CR20], [@CR21]\]. Thus, monitoring and pre-treatment of the EBV infection in the early phase is crucial. However, studies that directly compare different ATG preparations and dosages for the risk of EBV infections are rare. In our study, we compared the incidence of EBV infections and its subsets. The cumulative incidence of EBV infections and EBV-DNAemia tended to be higher in the ATG-T group, with a *p* value near 0.05. This may imply that the immunosuppression achieved by 7.5 mg/kg ATG-T is more effective than that achieved by 20 mg/kg ATG-F in early phase after HSCT. Our prior study about EBV-CTL reconstitution in haplo-HSCT patients treated with 7.5 mg/kg ATG-T for GVHD prophylaxis also confirmed that the low 30-day level of EBV-CTLs after haplo-HSCT is comparable with that in healthy persons \[[@CR11]\]. Low levels of EBV-CTLs are not good for the control of EBV infection. Fortunately, the immunological recovery delay resulted in only a minor increase in EBV-DNAemia but not in EBV-related diseases; the former is easy to control by reducing or tampering the immunosuppression.

It is interesting to mention that the absolute counts of total CD3^+^ T cells at +30 days post-HSCT were higher in the ATG-T group than in the ATG-F group (*p* = 0.046). The CD3^+^CD8^+^ effector T cells were higher in the ATG-T group at +30 days after HSCT (*p* = 0.083); however, the difference did not reach statistical significance due to the small sample size in our study. Our observation of relatively higher CD3^+^ and CD8^+^ T cell levels was also supported by Alexandersson and colleagues \[[@CR22]\]. They noted that the higher CD8^+^ T cell levels in EBV infections were inferred to the immune response against EBV infections. In line with their findings, in the 27 patients involved in the immune cell recovery analysis in our study, EBV infections appeared in 11/17 patients in the ATG-T group and in 3/10 in the ATG-F group.

Our findings about early T lymphocyte recovery and EBV infection were supported by few studies on immunorecognition and pharmacokinetic aspects. Mensen et al. \[[@CR23]\] confirmed the comparable outcomes between a lower dose of ATG-T (6--8 mg/kg) and a higher dose of ATG-F (20--60 mg/kg) in HSCT. They did not observe any significantly delayed T cell subset reconstitution between low dosages of ATG-T 5--10 mg/kg and high dosages of ATG-F 20--60 mg/kg. Although the incidence of EBV reactivation was similar in the ATG-T and ATG-F groups, the EBV copy counts of \> 10^4^ copies/10^5^ peripheral blood mononuclear cells, and the occurrence of PTLD were only found in the ATG-T group. Oostenbrink et al. \[[@CR24]\] compared two rabbit ATG products, ATG-Genzyme (ATG-T, total 6--10 mg/kg), and ATG-Fresenius (ATG-F, total 45--60 mg/kg), in 58 pediatric acute leukemia patients (*n* = 42 ATG-T; *n* = 16 ATG-F) with HSCT from an unrelated donor. Their study confirmed that ATG-T 6--10 mg/kg and ATG-F 45--60 mg/kg were comparable in terms of immunity reconstitution and clinical outcomes.

Our study has some limitations. Our study was a retrospective observational study that analyzed 110 patients who received haplo-HSCT at a single center; moreover, the physicians were responsible for the choice of the type of ATG. Although the study population was relatively homogenous in the transplantation process, the lack of a rigorous study design and the small sample size were major limitations. Therefore, our observations should be confirmed by further larger and randomized studies.

In conclusion, 7.5 mg/kg ATG-T seemed to be comparable to 20 mg/kg ATG-F for haplo-HSCT. The currently approved doses of ATG-T (2.5 mg/kg/day for 3 days) and ATG-F (2.5 mg/kg/day for 4 days) may be appropriate and may efficiently balance the risk--benefit ratio of GVHD, OS, relapse mortality, and EBV infection after haplo-HSCT with the "GIAC protocol."
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